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INTRODUCTION:

Prostate cancer research has generally emphasized the
osteoblastic nature of prostate cancer metastases to bone.
However, a wealth of recent data documents the nearly universal
presence of excessive bone resorption as well, which participates
importantly in the associated bone pain and fractures. The goal
of this research is to determine whether prostate cancer cells
express the extracellular calcium (Ca”@)—sensing receptor (CaSR)
and whether the CaSR participates in a vicious cycle promoting
excessive bone resorption. This vicious cycle involves CaSR-
mediated secretion of the bone-resorbing cytokine, parathyroid
hormone-related protein (PTHrP), by prostate cancer metastatic to
bone. The secreted PTHrP would produce further bone resorption,
which would elevate the local level of Ca®',, thereby stimulating
further PTHrP release by the prostate cancer cells, and so forth.
The scope of the project encompasses four specific aims: (1) to
show that prostate cancer cells express the CaSR; (2) to prove
that the CaSR mediates high Ca®?',-evoked stimulation of PTHrP
secretion in vitro; (3) to determine whether the CaSR initiates a
paracrine pathway producing transactivation of the epidermal
growth factor receptor (EGFR), which then produces EGFR-mediated
stimulation of MAPK and, in turn, increased PTHrP production; and
(4) to document that CaSR-mediated stimulation of PTHrP secretion
from prostate cancer cells injected into the femora of nude mice
contributes to the severity of metastatic bone disease by
knocking out the receptor using a dominant negative CaSR
construct.

BODY:
Task 1—To document that prostate cancer cell lines express the
CaSR (months 1-18).

We have completed the studies in task 1, which are described
in detail in a publication of this work submitted with the
previous Annual Report (1). A PDF file of this publication is
also appended to the report. The results of these studies are as
follows: Reverse transcriptase-polymerase chain reaction (RT-PCR)
with intron-spanning primers amplified a product of the expected
size, 480 bp, for having been derived from authentic CaSR
transcript(s). In addition, Northern analysis, carried out using
a CaSR-derived riboprobe and poly(A+) RNA derived from both LnCaP
and PC-3 cells, revealed a major transcript of 5.2 kb, which is
of the same size as the major transcript in human parathyroid
gland (2).

With regard to documenting the presence of CaSR protein,
immunocytochemistry with a polyclonal, CaSR-specific antiserum
revealed specific staining of both PC-3 and LnCaP cells.
Furthermore, western blotting with the same antiserum identified
specific immunoreactive bands of 160-170 kDa in PC-3 and LnCaP
cells, comparable in size to bands identified in the positive



controls—--bovine parathyroid gland and CaSR-transfected human
embryonic kidney (HEK293) cells (1).

Thus we have demonstrated that LnCaP as well as PC-3 cells
express both CaSR transcript and protein. Note that while we
originally proposed studies determining whether prostate cancer
specimens removed at the time of prostatectomy expressed CaSR
transcript(s) and protein, the contract for our grant expressly
forbids the use of human anatomical substances.

Task 2—To show that the CaSR mediates the stimulation of PTHrP
secretion from prostate cancer cell lines by high Ca®*, (months 6-
24).

To investigate whether the CaSR mediated the stimulatory
effect of high Ca®*, on PTHrP secretion from PC-3 cells (1), we
utilized polycationic agonists (i.e., neomycin and spermine)
known to activate the cloned CaSR (3, 4). The potencies of these
two polycations were equal to or more effective than high ca?*, in
stimulating PTHrP secretion from PC-3 cells. We next used a
naturally occurring, dominant negative construct of the CaSR
(R185Q) to assess the CaSR’s role in mediating high Ca*',-evoked
PTHrP secretion. To achieve high efficiency expression of the
CaSR in PC-3 cells, we utilized infection with an adenoviral
construct expressing the mutated CaSR. Compared to vector-
infected cells, cells infected with the dominant negative CaSR
showed a substantial reduction in the stimulation of PTHrP
secretion by 1.5 and 3.5 mM Ca®', (1), levels of Ca?', that could
potentially be encountered by bony metastases of prostate cancer
near sites of active bone resorption (5).

Task 3—To investigate whether the CaSR transactivates the EGFR 1in
prostate cancer cells (months 6-24).

In addition to the studies accomplished in tasks 1 and 2, we have
shown that the CaSR transactivates the EGFR (see PDF file of the
published paper appended to this report), thereby completing Task 3.
Since the MAP kinase, ERK1/2, is a major signal transduction pathway
utilized by the EGFR, we initially documented a delayed
phosphorylation of ERK1/2 by Western blotting. Maximal activation
was observed at 30 min, and a strong signal persisted at 60 min on
Western blots of phospho-ERK1/2. At 120 minutes, in contrast, the
signal had nearly dissipated. The phosphorylation of ERK1/2 was
dose-dependent with regard to the level of ca®t, employed; the
strongest signal was observed with 7.5 mM ca®',, while signals of
intermediate intensity were observed at 1.5 and 3.0 mM Caﬁg.

In order to document that high Ca®*',—evoked activation of ERK was
CaSR-mediated, we examined the effects of the known polycationic
CaSR agonist, spermine, and of a selective CaSR activator, NPS R-
467, on phospho-ERK1/2. Incubation of PC-3 cells with 100 uM
spermine for 30 min increased the level of phospho-ERK1/2. Moreover,
NPS R-467 produced a much greater increase in phospho-ERK1/2 than
did its less potent stereoisomer, NPS S-467. Since NPS R-467 is 10



to 100 fold more potent than NPS S-467 in activating the CaSR, our
results indicate that high Ca®?',-induced ERK phosphorylation is
mediated by the CaSR.

Next, we examined the effects of various inhibitors and
neutralizing antibodies to assess the involvement of transactivation
of the EGFR in CaSR-mediated activation of ERK1/2. AGl478, an EGFR
kinase inhibitor, and PD98059, a MEK1l inhibitor, inhibited most of
the high Ca?',-~evoked ERK phosphorylation. GM6001, a pan matrix
metalloproteinase (MMP) inhibitor, and antibodies against the EGFR
and HB-EGF (heparin-bound EGF) also reduced ERK phosphorylation,
consistent with the model of transactivation shown on page 7 of this
report. In contrast, AG1l296, an inhibitor of the platelet-derived
growth factor receptor kinase, had no effect on ERK phosphorylation.
These results provide indirect evidence that activation of the CaSR
transactivates the EGFR, but not the PDGFR, at least in part through
activation of MMP(s).

We next directly measured the effect of high Ca®', on the extent
of phosphorylation of the EGFR. Phosphorylation of the EGFR was
assessed using Western analysis with a monoclonal anti-
phosphotyrosine antibody following immunoprecipitation of cell
lysates with a rabbit polyclonal anti-EGFR antibody. The EGFR was
phosphorylated to some extent even under basal (0.5 mM ca’*,)
conditions; following 10 min incubation in medium with 7.5 mM ca?’,,
however, the phosphorylation of the EGFR increased and was sustained
for at least 30 min.

We have previously demonstrated that high ca®*, stimulates PTHrP
secretion from PC-3 cells (1). This action of Ca?', is at least
partially mediated by the CaSR, since hormonal secretion is reduced
by transfecting the cells with a dominant negative CaSR, and known
CaSR agonists, e.g., neomycin and gadolinium, promote PTHrP
secretion (1). Thus, we wondered if the CaSR might stimulate PTHrP
secretion through transactivation of the EGFR.

High Ca®', dose-dependently stimulated PTHrP secretion by PC-3

cells. This stimulation was inhibited by 20 pM PD98059 and by 0.7

UM AG1478. In contrast, 1 pM AG1l296 had no effect on PTHrP
secretion. When the cells were preincubated with anti~HB-EGF

antibody for 30 min, 5 pg/ml of the antibody significantly
inhibited PTHrP secretion (by 42%) even under basal conditions
(0.5 mM Ca®',). At 7.5 mM Ca?’,, the anti-HB-EGF antibody likewise
produced a dose-dependent inhibition of PTHrP secretion. The
anti-EGFR antibody gave similar results (data not shown).

Preincubation with 10 puM GM6001 also reduced PTHrP secretion by
40% at 0.5 mM Ca?',, and by about 50% at 3.0 and 7.5 mM Ca®',.
These findings indicate that EGF and HB-EGF activate the EGFR
even under basal conditions and that high Ca?',-induced PTHrP
secretion is reduced by blockade of the CaSR-EGFR-ERK pathway.
The former result is consistent with the presence of
phosphorylated EGFR at 0.5 mM Ca?*, even following serum
starvation. These results are consistent with model shown below



in which activation of the CaSR stimulates transactivation of the
EGFR by activating a currently unidentified matrix
metalloproteinase. The latter then cleaves heparin-bound EGF from
its precursor, and the soluble HB-EGF activates the EGFR, thereby
stimulating the activity of ERK1/2, likely by a ras and raf-
dependent mechanism. The activated ERK1/2 then stimulates PTHrP
secretion, which could participate in the feed-forward mechanism
of enhanced bone resorption described above.

Soluble
ProHB-EGF HB-EGF

Muatrix
Metalloproteinase

EGF
~ Receptor
AR R

ERK 1/2

PTHrP Synthesis/Secretion

Task 4—To show that knocking out the CaSR reduces the severity of
bone resorption in the femora of nude mice injected with PC-3
cells (months 6-36).

We continued during months 24-36 the development of PC-3 cells
stably transfected with a dominant negative CaSR or with the
corresponding vector. We have transfected PC-3 cells with a
standard mammalian expression vector (pcDNA3) and subjected the
transfected cells to selection with hygromycin. To date we have
not yet been successful in obtaining individual, stably
transfected PC-3 clones, in part because the cells grow very
slowly at low density. While we have been able to select cells
transfected with the dominant negative CaSR that grow in the
presence of hygromycin, on immunocytochemistry only about 20%
were positive for the CaSR. During the remaining few months of
the grant, we will continue to develop individual clones of
stably transfected with the dominant negative CaSR so as to avoid



the apparent heterogeneity in our studies to date. In addition to
using the pcDNA3 vector, we will also try infecting the cells
with the rAAV vector noted above and selecting for stably
transfected cells.

KEY RESEARCH ACCOMPLISHMENTS:

eDocumented the presence of CaSR transcripts in PC-3 and LnCaP
cells as assessed by RT-PCR and Northern analysis.

eDemonstrated the presence of CaSR protein in PC-3 and LnCaP
cells as assessed by immunocytochemistry and Western analysis.

eShown that polycationic CaSR agonists stimulate PTHrP secretion
from PC-3 cells, consistent with the CaSR’s involvement in
mediating high Ca?*,—~evoked PTHrP secretion.

eDocumented reduction of high Ca?',-stimulated PTHrP secretion
from PC-3 cells by infection of the cells with a dominant CaSR
construct, supporting the CaSR’s mediatory role.

eShown that high Ca*', and EGF stimulate ERK1/2 in PC-3 cells;
Furthermore, the polycationic CaSR agonist, spermine, and the
potent calcimimetic, NPS R-467, increase ERK1/2 in PC-3 cells to
a greater extent than the less potent calcimimetic, NPS S-467,
consistent with the mediatory role of the CaSR in this action.

eDemonstrated that an inhibitor of the EGF receptor kinase, a
matrix metalloproteinase inhibitor, as well as antibodies against
the EGFR and HB-EGF reduce high Ca?',-evoked ERK activation,
consistent with the involvement of CaSR-mediated transactivation
of the EGFR, via matrix metalloproteinase-induced release of
soluble EGF, in ERK1/2 activation.

eShown that high Ca®*’,-stimulated PTHrP secretion is reduced by
the EGFR inhibitor, the matrix metalloproteinase inhibitor, and
the antibodies to the EGFR and HB-EGF, providing further evidence
that the CaSR transactivates the EGFR.

eDocumented that high calcium stimulates a time dependent
increase in the tyrosine phosphorylation of the EGFR, providing
direct evidence for CaSR-mediated transactivation of the CaSR.

REPORTABLE OUTCOMES:

a. Sanders JL, Chattopadhyay N, Kifor O, Yamaguchi T, Brown EM.
Ca’*,-sensing receptor expression and PTHrP secretion on PC-3
human prostate cancer cells. Am J Physiol Endocrinol Metab
281:E1267-E1274, 2001.

b. Yano S, Macleod RJ, Chattopadhyay N, Kifor O, Tfelt-Hansen J,
Butters R, and Brown EM. Calcium Sensing Receptor Activation
Stimulates Parathyroid Hormone Related Protein Secretion in
Prostate Cancer Cells: Role of Epidermal Growth Factor Receptor
Transactivation Bone 35:664-672, 2004.



CONCLUSIONS:

Our results support the major underling hypotheses driving
this research, namely that the CaSR mediates high Ca?*,-stimulated
PTHrP secretion from PC-3 cells and could provide the basis for a
“feed-forward” mechanism in vivo that would serve to aggravate
the skeletal complications of prostate cancer metastatic to bone.
The importance of this research lies in the implication that the
CaSR could serve as a therapeutic target for CaSR antagonists
that could diminish the severity of the skeletal complications of
prostate cancer. Furthermore, it is possible that expression of
the CaSR in other cancers that metastasize to bone (e.g., breast
cancer) could serve as the mediator of a similar “feed-forward”
mechanism and thereby provide the basis for a novel therapy of
cancers other than prostate cancer.
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Sanders, Jennifer L., Naibedya Chattopadhyay,
Olga Kifor, Toru ¥Yamaguchi, and Edward M. Brown.
Ca®" -sonsing receptor expression and PTHrP secretion in
PC-3 human prostate cancer cells. Am o Physiol Endocrinol
Metab 281: E1267-E1274, 2001.—Prostate cancer metasta-
sizes frequently to bone. Elsvated extracellular calcium con-
centrations ([Ca®*],) stimulate parathyroid hermena-related
proetein (PTHrP) secretion from normal and malignant cells,
potentially acting via the [Ca2*).-sensing receptor (CaR.
Because prostate cancers produce PTHrP, if high {Ca®*].
stimulates PTHrP secretion via the CaR, this eould initiate a
mechanism whereby osteolysis enrused by bony metastases of
prostate cancer promotes further bone resorption. We inves-
tignted whether the prostate cancer c¢ell lines LaCaP and
PC.-3 expross the CaR and whether pelycationic CaR agonists
stimulate PTHrP release. Both PC-3 and LnCaP prostate
cancer ¢ell Hnes expressed bona fide CaR transcripts by
Northern analysis and RT-PCR and CaR protein by immu-
nocytachemistry and Western analysis. The polvcationic CaR
agonigta [Ca®],, neonmiyein, and spermine each concentration
dependently stimulated PTHrP secretion from PC-3 cells, s
meastirsd by immunoradiometric assay, with maximal, 3.2-,
3.6-, anvl 4.2.-fold increases, respectively. In addition, adeno-
virus-mediated infection of PC-3 cells with a dominant nege
ative CaR construct attenuated high [Ca®*)-evoked PTHrP
secretion, further supporting the CaR’s mediatory role in this
precess, Finally, pretreating PC-3 colls with transforming
growth factor (TGF)-By augmented both basal and high
[Ca2*]estimulated PTHYP secretion. Thus, in PTHrP-secret-
ing proatate cancers metastatic to bons, the CaR could initi-
ate a vicious eyele, whereby PTHrP-induced bene regorption
releases {Ca®* ], and TGF- stored within bone, further in-
creszing PTHrP release and osteolyais.

parathyroid hormoene-related protein; ion-sensing receptor;
osteolysis; prostate cancer, LnCaP colls; skeletal metastases

PROSTATE CANCER 15 & coMMON cancEr and the sccond
leading canse of cancer death in ren (4). A substantial
percentage of elderly men have microscopic prostate
cancers, but these small Iestrms nsually remain local-
ized to the prostate and never eome to elinical atten-
tion. Nevertheless. skeletal complications of prostate
cancer are a diffieult clinical problem. causing dis-

abling pain and other complications such as fractures
(10). Radiation, hormonal manipulations, andfor che-
motherapy offer paltiation but, unfortunately, little
hope of eure for skeletal metastases of prostate eancer,
Therefore, further understanding of the biology of pros-
tate cancer metastatic to bone and the development of
improved therapies of skeletal metastases and their
complications are important goals of prostate cancer
research,

Reeent studies have shown that parathyroid hor-
nene (PTH-related protein (PTHrPS is a central me-
diator of malignancy-asseciated hypercaleemia and os-
teolysis. In addition to causing most cases of humeral
hypercalcemia of malignaney, where skeletal metasta-
ges are absent, PTHrP, originally isolated from renal,
lung, and breast cancers (7, 37, 39, is the biologieal
mediator in ~T0% of cases of malignant osteclysis with
or without hypercaleemia, particularly that caused by
common epithalial cancers [i.e., breast (18)}, Ahough
prostate eancers metastatic to bone generally ranse
osteoblastic lesions, sabstantial increases in bone re-
sorption also occur in this setting, as nssessed hy bio-
chemical markers (10, 24, 40). Indeed, marksrs of bone
resorption can be higher in patients with metastatic
prostate cancer than in those with skeletal metastases
of breast cancer (10). Prostate cancers often exprogs
more PTHrP than nnrmal progtate epithelial cells (1,
25y, suggesting that PTHrP could centribute to the
increased bone rosorption (10} in patients with pros-
tate cancer metastatic fo bone (1, 25, 88), PTHrP se-
creted by prostate cancer cells conld then activate
osteaclasts and potentially contribute to skeletal inva-
giveness, bone pain, and/or pathological fractures.
Therefore, further understanding of the factors repu-
lating the production snd secretion of PTHrP by pros-
tate cancer cells could elucidate the mechanisms un-
derlying the excessive bone resorption associated with
this tumor and potentially provide clues to novel ther-
apeutic strategies,

The extracellular calclum ([Ca®*}, rsensing receptor
(CaRyis a G protein-coupled cell surface receptor that
is a central element in [Ca®'], homeostasis (8L In
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parathyroid eells, high [Ca®']., by activating the CaR,
inhibits PTH secretion and parathyroid cellular prolif-
eration (6), whereas in the kidney, stimulating the
receptor reduces renal tubular Ca®+ reabsorption (20}
Physiological proof of the CaR's key roles in [Ca®t],
homeostasis has come from the identification of hyper-
and hypocaleemic disorders caused by inactivating or
activating CaR mutations (5), respectively, and from
mice with targeted disruption of the CaR gene (23).
In addition to inhibiting PTH release from parathy-
roid cellg, the CaR stimulates the seeretion of caleito-
nin from C cells (12, 143 and of ACTH from AtT-20 cells
{11), Furthermore, several studies have shown that
high [Ca®*], can stimulate PTHrP release from normal
keratinocytes (22}, normal cervical epithelial cells (283,
oral squamous cancer cells (31), and JEG-3 cells (21),
suggesting that the CaR could be the mediator of high

CaR AND PTHrP RELEASE IN PROSTATE CANCER

RNA ladder {GIBCO-BRL) and transferred overnight to ny-
lon membranes { Duralon; Stratagens, La Jolla, CA). A #2P-
Labeled ribaprebe corresponding to nucleotides 17452230 of
the human parathyreid CaR cDNA was syathesized with the
MAXIscript Ta kit (Pharmacia Biotech, Piseataway, NJ) with
the use of Ty RNA polymerase and [*PJUTP. Nylon mam-
branes were then prehyhridized, hybridized overnight with
the labeled ¢RNA probe {2 X 10% epmfml), and washed at
high stringency for 30 min as described previcualy (38).
Membranes were sealed in plastic bags and exposed to a
Phosphorlmager screen. The screens were analyzed en a
Molecular Bynamics Phesphorimager (Sunnyvale, CA) with
the ImageQuant propram.

RT-PCR. Total RNA[3-5 pg) was used for the synthesis of
first-strand <DNA (¢DNA synthesis kit, GIBCO-BRL). The
resultant Arst-strand ¢cDNA was used for PCR, which was
performed in a buffer containing (in mM}Y: 20 Tris-HCl, pH
8.4, 50 KCI, 1.8 MgClg, and 0.2 ANTP and 0.4 pM forward

41 _vnkod PTHrE reloass fro ne La primer, 0.4 uM reverse primer, and 1 gl ELONGASE enzyme
‘—}v{, { 2 !ﬂ—b@tyh‘ RIS a{l—_1—._—_T» o0

malignant eells. In the case of PTHrP-secreting pros-
tate cancers metastatic to bone, this CaR-mediated
action could ereate an inappropriate “feed-forward”
stimulation of PTHrP secretion. causing release of
Ca?* from bone that would sthmulate further PTHrP
secretion and promote worsening bone resorption,
Morrover, interrupting high [Ca®*]e-evoked. CaR-me-
diated PTHrP secretion from prostate cancer cells [e.g..
with a CaR antagonist (153 eould potentially be of
substantial clinical benefit in this setting. The goals of
the present study, therefore, were to determine
whether two commenly employed prostate cancer cell
lines, LnCaP and PC-3, express the CaR, and if so,
whether this receptor participates in the regulation of
PTHrP secretion, Our results suggest that the CaR is
expressed in and likely mediates high [Ca®*]-induced
FTHrP secretion from PC-3 cells, Furthermore, trans-
forming growth factor (TGF)-B,, stimulates PTHrP se-
cretion from PC-3 eelle synergistically with high
[Ca®*],. suggesting that release of this growth factor,
along with caleium, during PTHrP-induced bone re-
sorption eould contribute to a feed-forward mechanism
in which PTHrP-mediated osteolysis nssociated with
prostate cancers metastatic to bone begets worsening
osteolysis.

MATERIALS AND METHODS

Cell culture. The LnCaP and PC-3 human prostate cancer
celt lines were obtained from the American Type Culture
Collection {Rockyille, MIM. The cellz were cultured in RPRI-
1640 medium supplamented with 10% FC8 and 100 U/ml
penicillin-100 pe/ml streptomycin. The cells were grown at
37°C in a humidified 5% COz atmosphere and were passaged
avory B—7 days with the use of either 0.25% trypsin-.53 mM
EDTA (LnCaP cells) or 0.05% trypsin-0.53 mM EDTA (PC-3
colis). AR coll culture reagents were purchased from GIBCO-
BRL {Grand Island, NY), with the sxception of FCS, which
was obtained from Gemini Bio-Products, (Calabasas, CA).

Northern blotsing. Total RNA was prepared using TRlzol
reagent (GIBCO-BRL). Northern blot analysis was per-
formed on 7.5 pg of poly(A*) RNA obtained using oligo-dT
celluloze chromatography of total RNA (8), Poly(A* }enriched
RNA samples were denatured and electrophoresed in 2.3 M
formaldehyde-1% agamse gels along with a 0.24- to 8.5-kb

mix {a Tag/Pyracoccus species GB-D DNA polymerase mix-
ture; GIBCO-BRL)Y. Human parathyreid CaB wense primer
8.CGGGGTACCTTAAGCACCTACGGCATCTAA-3 and an-
tisense primer 5-GCTCTAGAGTTAACGCGATCCCAMA-
GGGOTL-3', which are intron spanning, ware used for the
reactions. Te perform *hot start” PCR, the enzyme mixture
was added during the initial 3-min denaturation and was
followed by 35 eycles of amplification {30-y denaturation at
§4°C, 30-3 annealing at 47°C, and 1-min extension at 72°C).
The reaction was comploted with an additional 10-min ineu-
bation at 72°C to allow completion of extension. PCR prod-
ucts were fractionated on 1.5% agarose gels. PCR products in
the reaction mixture were purified uging the (JAquick PCR
purification kit (Qiagen, Santa Clarita, CA) and were sub.
jected to bidiractional sequencing by employing the same
primer pairs used for PCR by means of an antomated se-
quencer {(AB377; Applied Biosystems, Foster City, CA) as
previously deseribed (35),

Immunocvtochemistry, A CaR-gperific polyclonal anti-
sarum (4837) was generously provided by Drs. Forrest Fuller
and Karen Krapeho of NPS Pharmaceuticals, Thig antiserum
was raised against a peptide corresponding to amino acids
345359 of the bovine CaR, which Is identical to the corra-
sporling peptide in the human CaR and resides within the
predicted amino-terminal extracellular domain of the CaR.
The antiserum was subjected to further purification by
means of an affinity column cenjugated with the FF-T peptide
€273, and the affinity-purified antiseram was wsed for immu-
nocytochemistry and Westorn blot analysis as described in
the following paragraphs. The specificity of the antiserum for
the CaR is documentsd in RESULTS by the use of snitable
positive and negative controls.

For immunocyiochemistry, prostate cancer cells were
grown on glass eavarslips (27), fixed for § min with 4%
formallehwde, and then treated for 10 min with peroxidage
blocking reagent (DAKO, Carpenteria, CA) te inhibit andog-
enous peroxidases, After washing with PBS, the vells were
blocked for 30 min with PBE containing 1% BSA. The cella
wore then incubated overnight at 4°C with the 4637 anti-
serum (5 pg/ml in blocking seluticn), Negative controls ware
carried out by incubating cells trested in an otherwise iden-
tical manner with the same concentration of 4637 antiserum
that had been preabsorbed with 10 pg/m!l of the FE-7 peptide.
The eells were then washed, incubated with peroxidase-
conjugated geat anti-rabbit TgG (1:100; Sigma Chemienl, 8¢,
Louis, MO} and washed again, and the color reaction was
developed using the DAKO AEC substrate system (DAKO) as
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before {27). The cells were observed by light microseopy and
photographed at x 400 magnification,

Western Blotting. For Western blotting, confluent mone-
layers of LnCaP and PC-3 cells in 6-well plates were rinsed
with ice-cold PBS and scraped on ice into lysis buffer con-
taining 10 mM Tria-HCL pH 7.4, 1 mM EGTA, 1 M EDTA,
.25 M sucrese, 1% Triton X-11K), 1 mM dithiothreito], and a
cocktail of protease inhibitors (10 pg/ml each of aprotinin,
leupeptin, and ealpnin inhibitor, as well as 100 pg/ml of
Pefabloc) (26). The cells were then passed though a 22-pauge
needle 10 times. Nuclei and other cellular debris wero re-
moved by low-speed centrifugation (1,000 g for 10 min), and
the resultant total collular lysate in the supernatant was
used either directly for SDS.PAGE or storsd at —80°C. Bo-
vine parothyroid cells, CaR-transfacted HEK-293 colls (des-
tgnated HEK(aR), or nentransfected HEK 293 cells, in-
cluded as positive {parathrreid and HEKCaR) and negative
controls fnontransfected HEK-293 cells), were harvested ac-
cording to the same protocol.

Immunoblot analyses were performed essentinlly as de-
scribed before (26, 27). Aliquots of 2040 pg of protein were
mixed with an equal velume of 2% SDS-Laemmli gel loading
buffer containing 100 mM dithiothreitol, incubated at 37°C
for 15 min, and resclved eloctropheretically on linear 3-10%
gradient gels. The separated proteins were then transferred
to nitrocellulose blots {Schleicher & Schuel, Keene, NH) and
incubated with blocking solution (PBS with 0.25% Triton
X-100 and 5% dry milk) for 1 h at room temperature, The
blots were incubated overnight at 4°C with affinity-purified
anti-CaR polyclonal antiserum 4837 at 1 pp/ml with or with-
out preincubation with 2 pe/mi of the FF-T paptide in block-
ing solution with 1% dry milk. The blots were subsaquently
washed, incubated sith a 1:2,000 dilution of herseradish
peroxidase-couplad goat anti-rabbit Ig(: in blocking solution,
and washed five times again, and protein bands were de-
tected using an enhanced chemiluminesecance (ECL) system
{Ronaissance Kit, Du Pont-NEN).

Adenovirel infection of dominant negutive CaR into PC-3
cells. Confluent PC-3 colls were scraped, dispersed by re-
peated pipetting, and then seeded in 24-well plates (~2.8 «
10° rellwwell). Approximately 10,000 infective particles con-
taining dominant negative CaR (R155Q) or empty vectorasa
negative control wers added to each well at the time the colls
were sceded in prowth medium. The cells were then cultured
for 48 h, washed with PRS, and then incubated with DMEM
(contanining 0.2% BSA and 0.5 mM [Ca®*],) for 2 h. Addi-
tional ealcium was then added to the swells as needed to
achieve the final concentrations indicated in RESULTS, and the
cedls wors incubated evernight. At the end of the incubation,
conditioned medium was collected and subjected to PTHrP
assay as deseribed in PTHrP secretion studies. The data were
normalized to the amount of protein in each well. Experi-
mex;ts wore carried out using triplicate wells for each lovel of
[Ca®t),.

PTHrP secretion siudies. For studics on the effects of
various CaR ngonists on PTHrP secretion, PC-3 colls were
seeded in 96-well plates (5,000 collz™ell) in 0.15 ml of me-
divm A (RPMI-1840 supplemented with 10% FCS and 100
Ufml penicillin-100 pg/ml stroptomycind. After 72 h, medium
A was carefully removed, and the subennfiuent cells in each
woll were ringed once with 1115 m!l of medium B [calcium-free
DMEM {(GIBCO-BRL) supplemented with 4 mM 1L-glu-
tamine, 2% FCS, 106 U/ml penicillin-100 pg/ml straptomy-
cin, and 0.5 mM Cally). Medium B alone or medium B
supplemented with either additiznal CaCl: (to final concen-
trations of I, 3, 5. 7.5, or 13 mbBI) or the polveationic CaR
agonists neomycin (100 or 300 pM} or spermine {2 mM) was
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then added to sach well (0,275 mlfwelll Six hours later, the
conditioned medium was removed for determination of
PTHrP content. Triplicate incubations were performed for
each treatment, and sach experiment was carried vut at least
twice.

For studies on the effects of pretreatment with TGF-py en
PTHrP secretion, PC-3 cells were sneded as described earlicor.
After 48 h, medium A was carefully removed from sach well,
and 0.15 ml of medinvm C{esleium-froo DMEM supplemsnted
with 4 mM L-glutamine, 0.2% BSA, 100 Wml penicillin-100
ne/mi streptomyein, and 0.8 mM CaCle) containing 0, 0.2, 1,
or 5 ng/ml TQF-B1 was added to each well, Twenty-four hours
later, this “pretreatment” medium was removed from each
well, the eolls wers rinsed once with (.15 mlwelt medium B,
and then medium B alone, or medium B supplemsanted with
additional CaCly (to final concentrations of 8, 5, 7.5, or 10
b was added to ench well (0.275 mbfwell), Six to twenty-
four hours later, the tonditioned medium was remaoved for
determination of PTHrP content. Triplicate incubations were
performed for each treatment, and sach experiment was
carried out at least ¥wice.

PTHrP was measured in PC-3 cell-conditioned medium by
moans of a two-site immunoradiometrie assnv {IRMA; Ni-
chols Institule Diagnostics, San Juan Capistrano, CA) that
detects PTHrP-(1-72) and hag a sensitivity of 0.3 pmol/l (35).
PTHrP assays were initiated immediately after removal of
the conditioned medium from the cell cultures to minimize
the less of PTHrP that cccurs with freeze thawing or other
manipulations, PTHrP concentrations were calculated from a
standard curve generated by adding recombinant PTHrP-(1-
86} to the treatment medium employed in this study (ie.,
unconditioned medium B). CaCls and the additional polyea-
Eonic CaR agonists (neomycin, spermine) employed in these
experiments had no effects in the PTHrP assay when added
in the absence of PC-3 cell-conditioned medium.

To ensure that the CaR agoniste employed in the PTHrP
studies had no significant effects on cell number or viability
over the 6.h treatment period, we smploved the 3-145.di-
methylthiazol-2-31)-2,5-diphenyltetrazolium bromide (MNTT)
asgay (19), in which only viable eolls convert water-seluble
MTT to insoluble formazan erystala, as described previously
(355

Statistice! anclyses. A minimum of two independent
PTHrP secretion experiments wore performed for sach of the
PTHrP sccrption studies described earlier. Results are pre-
sented as means * SE for three determinations. Data were
analyzed by analysis of variance followed by Fisher's pro-
tected least significant difference test. For all statistical
tosts, & P value <0.08 was considered to indicate a statisti-
cally significant reault. '

RESULTS

Detection of CaR mRNA in LunCaP and PC-3 cells by
Northern analysis and RT-PCR. Northern blot analy-
sis carried out using a CaR-specific riboprobe on
polyfA*) RNA isolated from LnCaP and PC-2 cells
revealed a major transeript of 8.2 kb (Fig. 143 This
transcript is similar in size to a major CaR transeript
in human parathyrofd gland (13). RT-PCR performed
with intron-spanning primers speeific for the human
CaR amplified a product of the expected size, 480 bp,
for a CaR-derived product in both LnCaP (Fig. 1B, lane
2) and PC-3 eells (Fig 1B, lene 3). DNA sequence
analysis of the PCR preducts revealed » 994 sequence
identity with the corresponding region of the human
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Fig. 1. A: Northern Blot sanalysis of extracellular Ca2? concentration
({Ca2*]srsensing roooptor (CaR) transeripts in the PC-8 and LnCaP
prostate cancaer cell lines, Northern analysis was parformed on
pol¥(A*) RNA isolated from the LaCaP ane 1) und PC-8 prostats
canoer cell Bnes (fane 2, as described in MATERIALS AND METHODS,
using & huarnan CaR-specific riboprebe, B: expreassion of CaR tran-
seripta as nssessed by RT-PCR using CaR-specific primers in PC-3
and LaCaP cells. RT-POR was perfarmed on ¢eDNA prepared from
the rame sample of RNA extracted from LnCaP cells lane 2100 PC-3
cells {lane &), as described in MATERIALS AND METHODS, nsing an
intron-spanning primer pair spocific for the human CaR. A 480-bp
amplificd fragment is indicative of s product arising from authentic
CaP-dkrived transeriptis). Eore 1 shows a DNA ladder for size
eomparison. No such product was apparent when ¢BN A was replaced
with water or the reverse transcriptase was vmitted from the RT
reactions {not shownl.

parathyroid CaR ¢DNA (not shown). These resulls in-
dieate that the PCR products derived from both PC-3
and EnCaP cells were amplified from authentic CaR
transcript{s].

Detection of CaR protein in LnCaP and PC-3 cells by
immunocytochemistry and Western enalysis. Immuno-
eytochemistry with an anti-CaR antiserum {4637) re-
vealed moderate CaR staining in both LnCaP {Fig. 24)
and PC-3 (Fig. 2B) prostate cancer cells. Staining was
eliminated by preincubating the CaR antiserum with
the specific peptide (FF-T} against which it was raised
(Fig. 2, € and D}. Considerable intracellular CaR im-
munoreaetivity could be observed in these cells, as in
breast cancer (35) and bone cells (43, 443, which ex-
press considerably less CaR protein than do parathy-
roid cells (263, where the CaR displays a predominantly
rim-like pattern of coll surface expression. Western
blot analyses of proteins isclated from total cellular
lysates of 1nCalP or PC-3 cells by use of the 4537
antisernm were compared with those obtained using
protein preparations frormn HEKCaR and bovine para-
thyroid cells as positive controls and nontransfeeted
HEK-293 colls as a negative control (Fig. 8, A and C1
Although the level of CaR protein expression in HEK-
CaR. cells was much higher than the level in LnCaP
and PC-3 cells (Fig. 34), the immunoreactive bands in
the two prostate eancer cell Enes of ~160-170 kDa are
comparable in size to those of bands present in the
positive controls (Fig. 3, 4 and ). The specificity of
theze 160- to 170-kDa CaR-immunoreactive bands in
proteins from the prostate ecancer cell lines was con-
firmed by the marked reductions in thelr intensities
after preabsorption of the antiserum with the peptide

CAR AND PTHrP RELEASE IN PROSTATE CANCER

against which it was raised, although nonspecific
bands at lower molecular masses were not abolished by
the preabsorption procedure (Fig. 3B),

Figure 3, C and D further documents the specificity
of thig antiserum for the CaR by eomparing the pattern
of CaR-immunoreactive bands recognized by anti-
serum 4637 in proteing prepared from HEKCaR cells,
bovine parathyroid cells, and nontransfected HEK-293
cells. There are similar patterns of bands in HEKCaR
and parathyroid cells, corresponding to various glyeo-
sylated and nonglycosylated forms of CaR monomers
aryd dimers (3, 42), bat no CaR-specific immunoreac-
tivity in nontransfected HEK-293 cells, which do not
express the CaR endogenously. Figure 3C also shows
more clearly the sizes of the immunereactive bands in
HEXCaR cells than does the overexposed lane showing
these bands in Fig. 3A,

Effect of CaR cgonists, TGF-B;, and deminant nega-
tive CaR on PTHrP secretion. To determine whether
CaR agonists medulate PTHrP secretion from PC-3
cells, the cells were freated with varying levels of
[Ca®*]. 0.5, 1, 8, 5, 7.5, ur 10 mM), neomyein {100 or
300 uM in 0.5 mM [Ca®*),), or spermine (2 mM in 0.3
mM [Ca®*]), and PTHrP in the conditioned medium
was determined by IRMA. P(C-3 cells produce a readily
measurable amount of PTHrP at 0.5 mM [CaZ'],.
Higher feviels of [Ca?], stimulated PTHrP secretion in
a dose-dependent manner (Fig, 4A). A 1, 3, and 3 mM
[Ca?*],, PTHrP secretion was increased 1.2-, 1.5, and
1.8-fold, respectively, compared with that observed at

Fig. 2. Expression of CaR protein as assessed by immunueytochem-
istry using CaR-spocific polyclonal antiserum 4637 in PC3 and
LaCaP cclls. Immunocytochemistry, varried cut using anti-CaR an-
tiserum 4637 as deseribed in MATERIALS AND MRETHOD®, revealod
readdily apparent immunostaining of both cell linas, LnCaP cclls £4)
and PC-3 cells (B), which was eliminated by proineubating the CaR
antiserum with the peptide FF-7 agninst which it waw radsed (O
LanCaP calls; I PC-8 cells) (<400,
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A B

4637+p

205 -

122 - in . ,
LnCaP + - - + - -
PC3 - 4+
HEKCaR- -« + - -+

Pt. - -

HEKCaR-
HEK293- - + - - %+

Fig 3. 4 and B: expression of CaR protein as assessed by Western
biot analysis using CaR-specific polyelonal antiscrum 4637 in PC-3
and LaCaP cells, Western blot analyses of CaR proteins in whale osll
Irsates inclated from PC-3 or EnCaP prostate cancer cells, or from
ClaR-tranfoct:d HEK-293 (HEKCaR) cells as a positive control, were
carried out as deseribed in MATERIALS AND METHOLS, Each protain
sample, 20 pg for HEKCaR cells {right lancs) and 40 pg for LnCaP
and PC-3 cells Jeff and middle lanea, respectively), was subjected to
SDS-PAGE. A: CaBR-specific antiserum 4637 was used o8 described in
MATERIALY AND METHODS to identify expression of CaR protein in the
resultant blots as indicated in the figure, B: results sbserved when
the antiserum was preabsorbed with the peptide agninst which it
wras raised. O and D: Western blota of proteins in erude moembrans
preporations from buvine parathyroid (fene I, HEKCaR tane 23,
and nontransfocted HEK-253 cella (fane 3) uaing anti-CaR antiserum
4637. € erude plasma membrane proteins were prepared, SDS-
PAGE was carried out, and Western blotting was performed as
described in NATERIALS AMD METHODS. I): results observed when the
antissrum was preabsarbed with the peptide against which it was
raised. The Western blets shown in 4-D are representative of 22
auch hlota for each coll typo.

0.5 mM [Ca?*].. [Ca®*]. at 7.5 and 10 mM evoked more
substantial increases in PTHYP secretion (3.0- and
3.2-fold, respectively). The polyeationic CaR aponists
nesmycin and spermine also elicited robust seeretory
responses: 100 and 360 p B neomyrin increased PTHYP
secretion 3.4- and 3.6-fold, respectively, relative to that
at 0.5 mM [Ca®*],, whereas 2 mM spermine induced a
4.6-fold increase in secretion.

Becanse TGF-g stimulates PTHrP secretion from
gome cancer cell lnes [eg., the MDA-MB-231 breast
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Fig. 4. A effect of elevated bavels of [Ca®* ] and the polyeationic CaR
agonizgts neomyein (Neo) and spermine (Sper) en secretion of para-
thyroid hermone-related peptide (PTHrP) from FO-S3 oolla, Collawers
treated for 6 h with CaR agenists, and the eonditioned meadia were
removed far determination of FTHrP released during the incubation,
as deseribed in MATERIALS AND METHODS. There was no difference in
the MTT colorimetric asway for cells troated with differont conean-
trations of CaR agonists (not shown), suggesting that there was no
effect of these sgents on ¢ell number or viability, and results for
PTHrP scerction are normalized to the MTT value for that well
There was a statistically significant stimulatien of PTHyP seerction
at 275 M [Ca**ls, as well az in the presence of nesmyein o
spormine (P < 0.0k a = 8) relative to that chserved at 0.5 mbL
[Ca2+),. Exsontially identical results were observed in apother ex-
periment carried out using the iduntical experimental protocol. Br
effect of protrvatreent with teansforming yrowth factor (TGFLBy on
high [0a®*e-stimulated PTHrP seeretion from PGS cells. Cellz were
pretreated vvernight with 0.2, 1, or 5 ng/ml of TGF-B1, a3 described
in MATERIALS AND MErNHODSE, and then incubated for 6 b with the
ndieated levels of [Ca®+)y. PTHrP in the conditioned medium was
then determined by immuncradivmetrie ossoy as in 4, sud the
results for PTHrP secretivn were normalized 0 the MTT walue far
that well. PTHrP sacration was statistically aignificantly stimualated
at =3 mM [Ca2*], (**F <2 0.01 vs. 8.5 mM [Ca2*], alene, n = 3% and
with all concentrations of TGF-Pu (**P « 0.01 va. 0.5 mBI [Ca®*],
alone, n = 8 ++P < §.01 va. pa TGF-P), n = 3) relutive to the
respective basal values st 08 mM [Da?t],. Essentially identical
renults were oheorved in another experiment carried put using the
identical experimental probecol.
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cancer cell line (35)], we examined the possibility that
there might be an interaction betwesn TGF-g and
[Ca®*], on PTHrP secrction in PC-3 cells. When PC-3
cells were pretreated for 24 h with TGF-31. a substan-
tial dose-dependent increase in both basal (le., at 0.5
mM [Ca®'],} and high [Ca?*],stimulated PTHIP se-
eretion was ohserved (Fig. 4B). Neither [Ca®*],, neo-
mycin, nor TGF-B; had any significant effect on the
MTT values obtained from the PC-3 cells in this study,
and the results of the MTT assay were employed to
norinalize the PTHrP released in each well,

To provide more definitive evidence that the CaR
mediates high [Ca?t-evoked PTHrP secretion. we ex-
amined the effect of adenovirus-mediated infection of
PC-3 cells with a dominant negative CaR construct (2)
on  [Ca?*]-stimulated PTHrP secretion. Figure 3
shows that pretreatment of PC-3 eells with an adeno-
viral vector encoding the dominant negative CaR von-
struct R185Q right-shifts the stimulation of PTHrP
secretion by high [CaZ*], and attenuates the response
observed at’ 10 mM [Ca®*], relative to the secretory
response observed with PC-3 cells infected with a con-
trol adenoviral vector,

MECUSSION

The purpose of this study was to determine whether
the LnCaP and PC-3 human prostate caneer cell lines
express the CaR, and if so, whether CaR agonists
maodulate PTHrP seeretion from them. CaR expression
was detected in LnCaP and PC-3 cells by both nucleo-
tide- and protein-based appreaches. Northern analysis
performed on poly{A*) RNA from each of the two cell
lines revealed a 5.2-kb CaR transcript (Fig. 14). This
transeript is similar in size o ene of the predominant
CaR transcripts observed in human parathyroid cella
(13). Authentic CaR transeriptis) was also detected by

EA
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M2 e 05 1.5 160 05 15 3% o
t i | J
. Vestor Dominsnt negatise CaR.

Fig. 5, Attenuntion ofhigh [Ca®'],-stimulated PTHrP socretion from
PC-3 celly infocted with a dominant negative CaR. Open bars show
PTHrP sccrotion in response to elevated levels of Ca®* by PC-3 oslls
infected with the empty adenaviral vector; solid bars show the
attonuntion of high [Ca®*|-stimulated PTHrP seervtion in the olls
infeeted with the dominant negative CaR. *Significant inhibiticn of
PTHrP secretion from the deminant negative ve, sector-infected colls
at the indicated level of [0a®*|o. Similar results were observed in
anvther experiment ¢arried out using the identical experimental
protocol.

CaR AND PTHRF RELEASE IN PROSTATE CANCER

RT-PCR (Fig. 1B), performed wsing total RNA frem
InCaP and PC-3 cells followed by sequence analysis of
the PCR products.

These two prostate cancer cell lines also express CaR
protein as assessed by immunocytochemistry (Fig. 2)
and Western blot analysis (Fig. 8) purformed using an
affinity-purified, anti-CaR antiserum (4837), As as-
sessed by Western analysis, the levels of CaR protein
expression in LnCaP and PC-3 cells were substantially
Jower than in the poesitive controls, HEKCaR eells and
bovine parathyroid cells, They are not dissimilar, how-
ever, from those in several sther types of eells in which
we have shown that the CaR s expressed and madu-
lates various blological responses, such as regulation of
CaZ*-activated K+ charmels ().

[CaZ*). and the polyeationic CaR agonists neomyein
and spermine each stimulated PTHrP secretion from
InCaP and PC-3 cells in a do«txdcpenﬁmt manner
(Fig. 34), with maximal stimulation occurring at 7.5~
10 mM [Ca®*],. The levels of [Ca®*], in the vicinity of
resorbing osteoclasts are thought to be many times
hipher than the level of s%témic [Ca%*], (e, as high
as §-40 mM) (36). Therefore, in the bony microenvi-
ronment, metastatic prostate cancer cells will Iikely
encounter levels of [Ca2*], at least as high as those
used in the present studies. Our results are eonsistont
with those in other cell types exhibiting high [Ca®*),-
evoked PTHrP secretion, incuding normal keratino-
eytes (22), normal cervical epithelial cells (28}, oral
sruamous cancer cells (313, JEG-3 cells (213 and H-500
rat Leydig cells, a model of humoral hypercalcemia of
mﬁhgnamy £343. The molecular mechanism underly-
ing [Ca® *]o-bﬂmulated PTHrP secretion in these eoll
types, however, i3 not clear. Our data suggest that the
CaR is the likely mediator of this effect in PC-3 cells,
because the receptor is deaﬂ;y expressed in this cell
line amd PTHrP secretion is stimulated not only by
elevated levels of [Ca" 1, but also by the polycationic
CaR aponists neomycin and spermine. Furthermore,
adenovirus-mediated infection of the PC-3 cells with a
dominant negative CaR (R185Q) (2} attenuated and
right-shifted high [Ca®*] ~-stimulated PTHrP secretion,
providing additional strong evidence for mediation of
this action by the CaR, Others have suecessfully uti-
lized transfection of CaR-expressing cells with a differ-
ent dominsnt negativa CaR construct (RTH5W) to doc-
ument the CaR's involvemaent in other biclogical
responses (30).

Omn the basis of the present study on PC-8 cells and in
two breast cancer cell lines (35}, our findings have dear
lmphcatwn:: for the existence of a feed-forward mech-
anism involving prostate eancer cells metastatic to
bone. When prostate and breast, and possibly other,
canvers metastasize to the skeleton and induce PTHrP-
mediated osteolysis, this will lead to high lecal Jevels of
{Ca%*}, within ‘the bony microenvironment owing to
PTHrP-stinrulated bone resorption with or without as-
sociated systemic hyperealeemia. These high levels of
[Ca?t], will elicit further PTHYP secrotion from fhe
canver cells, thereby exacerbating the osteclytic dis-
ease. Guise and Mundy (18) have provided strong evi-
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dence for the existence of a similar feed-forward mech-
anismt involving the action of TGF-B released from
bone on PTHrP-secreting breast cancer cells. Indeed,
we have shown that TGF-8, increases PTHrP secretion
from PC-3 cells and have also demonstrated that
TGF-81 produces at least an additive increase in the
stimulation of PTHrP secretion by high [Ca®*].. The
mechanism for this effect is not clear but might involve
TGF-8;-induced upregulation of the expression of the
CaR or its signaling pathways andfor of the level of
expression of the PTHrP gene, thereby increasing the
amount of PTHrP available for secretion in response to
an elevated level of [Ca®*], Because [Ca®*], and
TGF-B are both released from the bone matrix during
bone resorption induced by PTHrP, they are both avail-
able to elicit further PTHYP seeretion. In effeet, both
could cooperate to generate a vicious cyele of tumor-
induced bone resorption begeiting further bone resnrp-
tion in the setting of skeletal metastases of prostate (or
breast) cancers. The beneficial actions of bisphospho-
nates on the skeletal complications of metastatic
breast cancer and on the incidence of new metastases
(17. 32, 41) could result. at least in part, from reduc-
tions in the local concentrations of both {Ca®*], and
TGEF-B as a result of decreased bane resorption.

In addition to its potential role in stimulating PTHrP
secretion from prostate cancer cells meotastatie to bone,
the CaR could alse impact on tumuor progression, vste-
olyais, and, in some cases, hyperealeemia by modulat-
ing the proliferation andfor apoptoesis of tumor cells.
Recent studies have shown that CaR activation stim-
ulates proliferation in several cell types, including
rat-1 fibroblasts {30) In PTHrP-producing tumeors, the
CaR could potentially increase proliferation directly
and/or indirectly by enhancing PTHrP secretion. In-
deed, PTHrP has been shown to stimulate the prolif-
eration of H-500 rat Levdig cells in vitro and to in-
crease the rate of tumor growth in vive when H-580
cells are implanted subcutaneously in rats (33). The
CaR also protects some cells against apoptosis, as we
have shown recently for AT-2 rat prostate eancer cells
and CaR-transfected, but not nontransfected, HEK-
203 cells (20). Therefore, high [Ca®*],-evoked, CaR-
mediated atimulation of proliferation and/or inhibitinon
of apoptosis of prostate cancer cells metastatic to bone
could clearly contribute to the progression of tumor
growth and petentially render the tumor cells resistant
to therapy.

In sammary, high [Ca®*]-evoked, CaR-mediated
PTHrP secretion could clearly contribute to the exces-
sive bone resorption recently recognized o be an im-
portant complication of prostate cancer mefastatic fo
bone. If, as in PC-3 vells, the CaR modulates PTHrP
secretion in other prostate cancer cells, then the use of
CaR antagonists (15) with some degree of specificity for
prostate sind other types of cancer cellzs that metasta-
size to bone and produce PTHYP and, therefore, oste-
olysis could potentially offer substantial therapeutic
henefits it this setting.
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Calcium-sensing receptor activation stimulates parathyroid
hormone-related protein secretion in prostate cancer cells:

role of epidermal growth factor receptor transactivation

. - ; ) . - ) PN ab
Shozo Yano,** R. John Macleod,® Naibedya Chattopadhyay,” Jacob Tfelt-Fansen,™
Olga Kifor,* Robert R. Butters,” and Edward M. Brown®
*Division of Erdocrinolagy, Diabetes and Hypertension, Departuent of Medicine and Membrans Biology Program. Brigham and Womenk Hospitad,
and Harerd Medical Schwol, Boston, M4 02113, US4

b Osteapomsts and Bone Metaholic Usit Deparment of Clinical Biochentdstry awd Endocrimology, Copenbugen Unbersity Hospltat Huidovre,
DR-2650 Demnark

Received 2 Jamuary 2004; revised B April 20045 acceptad 13 April 2004

Abstract

We have previousty reportedd that high extraceltular Co®* stimulates parathyroid hormone-related protein {(FTHP) rebesse from human
prostate and breast cancer cotl Hnes as well a¢ from 1500 rat keydig concer cells, an sction mediated by the calclume-sensing reczptor
{CuR). Activating the CeR leads to phosphorylation of mitogen-activated protein kinases (MAPKs) that participate in PTHP syntheosis and
secretion, PBecause the CaR b5 2 G prostein-coupled receptor (GPCR)Y, #t 88 likely to transactivate the epidennal growth factor tacepar
(EGFR} or the pluelet-derived growth fsctor recepror (PDGFRY. In this study, we hypothesized that setivation of the CaR transactivates the
EGFR o PDGER, and examined whether teanssctivition affets PTINT seowtion in POS3 hintoan prostate cancer cells. Tsing Western
analysis, we observed that an increzse in extracelluber o vesubtedt in detayed aclivation of extraceliuley signab-regulated kinase {ERK) in
PC-3 cells. Pre-incubation with AGI478 fan EGFR kinase inhibitor) or an EGFR neatralizing antibody inhibited the high Ca™-induced
phosphorylation of BRK 12, GME0DL. 2 pan matiix metatloproteinase (MMP} inhibitor, 20 portisfly suppressed the FRX activation, but
ALI206 {2 PDGFR kingse inhibitody did not. High extacelhular " stitulates PTHP relense during 2 8- incubation (1.5- 10 2.5- and 3-
to 45k ingreases in 3.0 and 7.5 mM Ca™*, respectively). When cells were preificubated with AGIS78, GMB0D1, or an antihugsan heparin-
binding FGF (HB-EGF) antibady, PTIEP secretion was significantly inhibited under basat as well 18 high Ca®' conditions, while AGT296
bad na effect on PTHIP secretion. Taken together, these findings indicate that sctivation of the CaR tingactivates the EGER, but not the
PDGFR, keading o phosphorylation of ERKIZ and resultant PTHP secretion, aliiough CaR-BGFR-ERK tight not be the only signaling
pathwey for PFIP secretion. This transactivation is most Fkely madiated by activation of MMP and cleavape of proheprin-binding EGF
{profB-EGF) to HB-EGF.

& 2004 Elsevier Inc. Al fights reserved.

Keywords: G proteincoupled recephor; Epidermal growth factor seceptor (EGFR); Transactivation; Parathyroid komoneaelated protein (PTHIP) Prostate

caneer

fntroduction

Prostate cancer B known as the second most deadly
cancer in men in the United States [13 In most cases,
prosiate cancer metastasizes to bone, which negatively
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Brigtars arnd Women's Hospital, and Harvari Madical Hchond, 221
Eonpwiood Avene, Boston, MA 02115,
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§7E5-F28F - s frort matter € 2004 Elsevior oo, Al rights reseryd.

impacts prognosis {21 Previows studies demonstrated ex-
pression of parathyroid hormone-related protein (PTHIP) in
normat and malignant prostate epithelial colls [3,4]. PTHrP,
which was ongimlly isolated from reral, lung, and broagt
cancers in 1987, plays an mmportant roke in pormal bone
formation, development of mammary pland, skin, and testh,
and regulation of the contractitity of smooth puscle [51
Beeause the amino terminus of PTHeP has stroctural simi
larity to PTH, they ¢an act on the same receptor, the type |
PTH receptor (PTHIR), Hovever, PTHP scts prcells in a
paracrine, autocrine, or mtractipe fashion, whereas PTH acts
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in an endocrine manner [61 In the prostate ghind, the
physiotogical role of PTHI? is unknown. However. evi-
dence that there is (1) higher PTHrP expression in prostatic
dysplasia {prostate istmepithelial neoplasiu) than in normat
prostate ¢pithelium and (2} bigher PTHP expression in
prostate carcinoma than in benign hyperplasia suggests that
there are promalignant or proliferstive effects of PTHP that
participate in the pathophysiology of prostate cancer [6-R1

We bave previously reported that high concentrations of
extracellular calcium (Cal®) stimutate PTHIP scerction from
rat H-500 leydig cells, buman embryonic kidney cells stably
transtected with the calctumesensing receptor {CaR), human
breast cancer cell Hines, prostate cancer cell lines, and human
astrocytes, astrocytomas, and meningiomas, and that this
phenomenon is mediated by the CaR expressed on these
cells [9--13] These findings supgest the existence of a
vicious cyvcle that could contribute 1o the pathophysiology
of humoral hypercaleemia of malipnancy (HHM) and
osteolytic bone metastases. Once PTHrP-producing cancer
cells metastasize to bone, for example, locally high levels of
Ca?* could stimulate PTHIP sccrefion further Excessive
production of PTHrP, in turn, would elevate local or
systemie Tevels of Cat™ through the PTHIR expressed on
renal tubules and osteoblasts,

The CaR that was first cloned from bovine parathyroid
glardd has a cerdral role in the regulation of PTH secrction
and calcium metabolism [14,13]. Although the CaR is
expressed mainly on parathyroid glands, distal tubules of
the kidney, and the thyroid C cells, the receptor has beon
tdentified in infestinal epithelial odls, bone colls, several
nephron segments other than the distal tubule, and many
other tissues and cell lines [16% The CaR activates MAP
kinases {extraceliubar sigoaloregdated kinase {ERK), p3R
mitogen-activated protein kinase (MAPK), INK/SAPK) in
ceriain ¢cells, which may mediate some of the known bio-
Togical actions of the CaR [17~21} In previous reports, we
have demonstrated that the MAP kinase pathways play key
roles in CaR-stimulated PTHrP scoretion [11.21]. However,
it remaits unclear how the CaR activates MAP kinases.
Beenuse the CaR 15 4 member of the superfamily of G
protein-coupled receptors (GPCRY, we hypothesized that
the CaR activates receptor tyrosine kinases {RTKs), such
as the epidermul growth factor receptor (EGER) or platclet-
derived growth factor receptor (PDGFR) and, in turn,
MATPKs. Recent evidence sugpests that wansactivation of
the EGFR by GPCRs is mediated by activation of one or
more petdloproteinases (MMPs), which deave proheparin-
binding EGF {proHB-EGF) torcdense HB-EGF [22.231. This
mechanism of GPCR~induced EGFR activation, which has
been called the “riple-membrme-passing-signaling ™ moded,
has been widely accepted [24] Thus, we wondered if the
CaR could also wapsactivate the EGFR. In this study, we
show that the CaR transactivaies the EGFR at feast in part via
metaloproteinase activation, followed by ERX phosphory-
tation, and that CaReinduced BGFR tansactivation stinm.
fates PTHrP seercton tn PO3 human prostate caneer cells,

Materials and methods
Materials

Selective inhibitors of MEK1 (PDOR059), EGFR kinase
(AGL478), PDGFR kinase {AGI1296), and pan MMPs
{GM6001) were all obtained from Calhiochem-Novabio-
chem {San Dicgo, CA). Meutralizing amibodies against
EGFR and HB-EGF were obtamed from R&D Systems
{Mimneapolis, MN). Polvelonal antisers to BEGFR and a
mouse monoclonal antibody against phosphotyrosine
PY 59 were purchased from Santa Cruz Biotech {Santa Cruz,
CA). A polyclonal sntiserum to phosphorylated ERK 12
and a mouse monoclonal antibody agamst ERK2 were
purchased fromt Mew England Biolabs (Bevarly, MA). The
enhanced chemiluminescence kit Supersignal was pur-
chused from Pierce {Rockford, 1LY, Protease inhibitors were
from Boehringer Ingelheim, and ol other roagents were
from Sigma (St Louis, MO).

Celf culiure

The PC-3 human prostate cancer colt Jine was oblained
from the American Type Culture Collection (Rockville,
MTD3). The cells were cultured in RPMI 1640 medium
supplemented with 3% fetal bovine senum {FBS) and
100 Uiml! peniciliin. 100 pg/m! streptomyein and grown
at 37°C in a hemidified 5% CO, stmosphere. Colls were
passaged every 4-5 days using 0.05% frypsin-0.53 mM
EDTA. FBS wus gblained from Gemini Bio-Products {Cal-
abasas, CA), and other cell culture reagents were purchased
from GIBCO-BRL {Grand Ishind, NY).

PTHrP secretion studies

PTHrP seeretion from PC-3 cells was detormined using
the same system as previously deseribed [12] Briefly, fir
studies on the effeets of the CaR agondst CaZ and various
irhibitors on PTHYP seerction, cells wera scoded in 86awell
plates (3 x 107 cellsfwelly i 0.15 ml of growth medium.
After 72 h, the growth medium was removed and replaced
with 0.15 ml of Ca®'-free DMEM containing 4 mM i~

streptomyein, and 0.5 wmM CaCly for 2 b Cells woere then
preincubated for 30 min with specific ishibitors or neatrab
izng antibodies in serum-free medivm containing 0.5 mM
Ca®* following which the medium was removed and
replaced with 0275 ml of the same medivm or that
supplemented with additiondd CalCly {to a fingd conventrar
ton of 1.5, 3.0, or 7.5 wiM) and appropriate irhibitors or
nentratizing anthody for 6 b The conditioned medhim was
collected to measure PTHrP content. Each exporiment was
earried out at feast three fimes, and dupliente incuhations
were performed for each trestment,

PTHrP was measured in conditioned medivm using a
bwo-site imumoradiometric assay {(Nichols Institute Diag.
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nostics, San Juan Capistrano, CA) that deeets PTHeP {1~
72) with a sensitivity of approximately 0.3 pmold. PTHP
assays were initinted immediatcly after eollecion of the
conditioned medium to minimize degradation of the peptide
resulting from freeze ~thawing and other manipuiations.
Standand curves of PTHIP concentrations were penerated
with the addition of recombinant PTHP (1-86) to the
treatment medivm wsed in this study {ic., unconditioned
Ca™-free DMEM containing 0.5 mM CaCly). Caleivm and
other reagents alone bad no effect on the PTHP assay when
added in the absence of PC-3 celt-conditioned medium,

Western blot analysis

For the determination of ERK1/2 phosphorylation,
monolayers of PC-3 cells were grown i Gewell plates.
When cefls reached 50% confluency, they were incubated
for 48 h in serum-free, Ca®*-frec DMEM containing 4 mM
L-ghitamine, 0.2% BSA, and 0.5 mM CaCla. This medium
was then removed md weplaced with the sanwe medium
suppltemented with either 7.5 mM CaCl, alone or 30 ng'm!
EGF. Al inhibitors and neutrdizing antibodies were pre-
incubated 30 min before incubating the cells in test medium
for the specified pedod of time as deseribed in Results. At
the end of the incubation period, the medium was removed,
the cclls were washed twice with iee-cold phosphate-buff.
ered saline (PBS) containing 1 mM sodium vanadate and 25
mM NaF, and then 100 ul of ice-cold lysis buffer was added
{20 M Trs-HCEL pH 74, 150 mM NaCl 1 mM EDTA, |
mM EGTA, 25 mM NuF, 1% Triton X-100, 10% giveerol, 1
md dithiothreitol, 1 mM sodium vanadate, 50 mM glyeer-
ophosphate, and a cocktail of protease irhibitors). These
wern aprotinin, leupeptin, soybeman trypsin inhibitor, pepsta-
tis, and calpain inhibitor (10 pg/ml of each), as well as 100
pgimt of Pefablog; all were added from frozen stocks,
except sodium vanadate, which was freshly prepared on
the day of the experiment. The colls were seraped into the
lysis buffer, sonicated for 14 5, and then centrifuged at 6000
s g for 5 min at 4°C. The supernatants were keptat ~20°C,
These protein samples were saved for Western blotting as
previously deserbed 217 Briefly, egual amounts of super-
natat protein were separated by SDS-PAGE. The separated
proteins were electrophoretically transferred to nitroceliu-
toze membranes (Schicicher and Schudll) and incebated
with blocking sobution (10 mM Tris-HCH, pH 74, 150
mM NaCi, 196 Triton X-100, and 0.25%, BSA) containing
3% dry mitk for @t lesst 1 b at room temperature. ERK 12
phosphoryiation was detected by immunoblotting using an
18-h incubation with a 1:1000 difution of'a rebbit polycional
antiserum speeific for phospho-ERK /2. Blots were washed
for five 13-min periods at room tempertere (126 PBS, 1%
Triton X-100, ard 0.3% dry milk) and then incubated for 1
I with a seeond, goat anti-rabhit, peroxidase-dinked antise-
rum {1:2000) in blocking solution. After washing the
membrane, bands were visealized by chemilumineseence
according o the manufacterer’s protocol {(Supersignal,

Picree Chemical). The same membrane was used after
stripping (Restore Western Blot Stripping, Pierce) for deter
minmation of total ERK2 to confinm equal loading of all the
lanes. Profein concentrations were measured with the Micro
BCA protein kit (Fierce),

Immuenoprecipitation

After serum starvation for at Ieast 48 b, cells were
stimulated with 7.5 mM CaZ' as described above. At the
mdicated time points, cells were washed with ico-cold PBS
and Tysed with immunoprecipitation buffer containing 150
M NaCL 10 mM Tris, pH 74, 1 mM EDTA, 1 mM BEGTA,
1% Triton X100, D2 mM sodium vanadate, and protease
mhibitors (as deseribed above). The cell bysate was contrie
fuged at 10,000 X g for 10 min. For imnmunoprecipitation,
equal amounts of protein wyere incubated with polyclonal
EGFR antibody overnight, and then incubated with protein
MG agarose beads for a further | h at 4°C. Bousd immune
complexes were washed three times with immunopreeipita-
tion buifer contaming protease and phosphbatase inhibitors
and detergents. The pellet was eluted by boiling for 3 min
with 2% Laemmii sample buffer. Supernatant proteins were
separated by 7.0% SDS-PAGE, tmnsferred to nitroceliulose
membranes, and immunoblotted with monoctonal antiphos-
photvrosine antibody (PY99), The stripped membrane was
then reblotted with EGFR antibocdy.

Stafistics

The data are presented as the mean + SE of the indicated
rumber of experiments. Data were analyzed using oneway
ANOVA or Student’s ¢ fost A P walue of <003 was
considered to indicate a statistically significant difference.

Results

We have previpusly reported that ERK activation plays a
crifical role in high Co2 vinduced PTHiP sceretion, and that
high Ca2' produces a delayed phosphorylation of ERK 172
m the cell types studied to date [10.21] In PC-3 cells, we
alsp confimied a delayed phosphorylation of ERK1/2 by
Western blotting (Fig. 1A). Maximal activation was present
at 30 min in all three independent cxp@rémmfs, and this
signit started to disappear at 60 min, The magnitude of the
phosphorylation of ERK1/2 is dependent on the Cal’
concentration cmployed, as the strongest signal was ob-
sorved with 7.5 mM CaZ*, while intermediate signils were
observed with 1.5 and 3.0 mM Calt (Fig. 1B),

CaR wethawes ERK
To make sure that the ERK activation i modialed by the

CaR, we examined the effects of a known CaR agonist
{sperming and of a selective CaR metivator (NPS Re467)
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A) \ 306 nghm!
7.5 mM Ca™* EGF
Time (min} 0w 16

p-ERK 12

B) Ca¥* {mM)
peERK 172
ERK2

4]

g 1, High Cal” activates ERK via the CaR in PO3 oddls, Celk werz
ey stirved ovarnight in kst madiam (0.5 mM 08 ) and were stimutated
*meivm with 7.5 ;M O, Protein was eolladled at each thme point far
eetemn bloting {A). Incubiation with 30 ng'ml EGF for 10 min served asa
witive control. gl amourts of total cdhular protein were soparsted by
xtrophoresisusing 12% potyacrlamide gols, tansfored o nitrocctheloee
smbranzs, and analyzed by mmimoblotting tsing a polyclonal artibody
airst phosphorytated ERK1/2 and a monoctonal artibody against ERK2
otein. Cells were also stimukited with varions corerntrations of (a* {B)
d CaR agonists {0 for 3 min. Exporiments were repoated three fimes,
d the data from a representative one are shown.

51 When cells were incubated with 100 M spermine for
} min, the simal was intreased over basal activity (Fig.
). Tn addition, s much stronger signal was observed in
dks incubated with NPS R-467 than those exposed to the
&5 potent stereoisomer NPS S-467. Because NPS R-467 is
3+ to Mi0-fold more potert than NPS S-3467 [25], our
sults indicate that high Cal'-induced ERK phosphoryla.
s is mediated by the CaR,

videnee for EGFR transactivation

Next, we examinod the effedds of varous inhibitors and
wtralizing antibodies as deseribed below, In Fig. 2,
G1478, which is anp EGFR kinase inhibitpr, and
D9B039, which is a MEK! inhibitor, inhibited most of
© high Ca3 induced ERK phosphorylation. GM6001, a
in matrix metwoproteinase (MMP) inhibitor, and ante
sdies aguinst the BGFR ss well as HB-EGF also dimin-
hed ERK phosphorylation. However, AG1296, a PDGFR

+ 3.7 4M AG1478

+ } pg EGFRAD

+ 16 M GM6U

5§ i) HB-EGE AS
+ 20 «M PDIBNSY

+1 M AGLISE

&
'xz: “
(SR
- .
> W
H B
iy L 1
o

PERK 12

ERR 2

Fig. 2. High Cal -inducod ERK phosphorylation is modiated by EGFR
activation. Cells were senmn stuved ovemight and preinmsbated with the
irhibitors or antibodies indizad. The colls were then trentad with 05 and
TS5 mM Q¥ i fanes T and 2 - & sespectively, for 30 min, Boud amonnts -
of total cellplar protin were soparated by eledrophoresis on 12%
polyserylamide pels, ransferrsd b nitrocelbslose membranes, and anatyzed
by imrmmoblotting wsing a polyconal wtibody against phospharylated
ERK V2 and a monocloal antibody against ERK2 protein, Experiments
were repentad three times, and the data showss are simitar t thase from the
other two exparimonts.

kinase inhibitor, did not affect the level of ERK phosphor-
ylation. These findings sugpest that sctivation of the CaR
reselts I transadtivation of the EGFR, but not of the
PDGFR, at least in part through activation of MMP(3).

Finally, we examined the extent of phosphorylation of
the EGFR using mmunoprecipitation. Phosphorslation of
the EGFR was assessed using Westers analysiz with 4
monoctonal anti-phosphotyrosine antibody following im-
mupoprecipitation of cell hyvsates with a rabbit polydonal
anti-EGFR antibody, Fig. 3 shows that the BGFR was
phosphorylated to some extent even under basal (0.5 mM
CaZ*y conditions; after 10-min ircubation i medum with
7.5 mM Cal”, however, the phosphorylation of the receptor
increased and was sustained for at least 30 min,

18 mM Ca®
Time {ming L] 16 36
I EGFR
1B: PY99
P EGER
1B; EGFR

Fig. 3. High Cal* induess BGFR phosphong btion i PC-3 eells, Collswere
semzm starvest for 45 b i test medivm (0.5 mM G %) and were stimrkted
by recdiom with 7.5 mM O, Cells wor ysed fo collect protein of each
fimse poind. Total EGFR protein was immmepreeipitated with a polyelonat
EGFR antibody and subsequent addition of protein A/G agarose The
protein samples were separated by deetraphorests oo T.0% polyacrylamide
gels, trmsferred fo vitrocdllstose membranes, o immmasoblottsd with a
monaciorat antibady agaiest phosphotymsine PY9). The mombrans waz
stippzd arsd reblotted with a polyetonal antibody agsinst fhe EGFR. For
more details, sse Waterials ard mothods,
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Fig, 4. Effeets of inhibitors of the prosptariation of MEK 1, BGFR, and PDGFR on high Cd *induend PTHIP seoretion s PC-3 colls, Cells were washad
onoe with test mediom 0.5 mM Cab 7y and incvbated for 6 b intost medivm with varions Gl conentrations afer pre-incubation with or witvout inkdbitors for
0 min. The condiionad modinm was collected 1o determine the amount of PTHIP released during the incubation. PTHIP scoretion was meanredby IRMA as
deseribed in Materials and methods, and was exprossed as fold increase (pereent) relative to controf. M= 3, mean & SEM;*P < D05 vs. 0.5 mM Cat ¥ <

9,05 vs. mo inkibitor group ™ cormespording Cad”,
Effect of EGFR and PIXGFR inhibitors on PTHrP secvetion

We have previously demonstrated that high Cal' stim-
ulates PTHIP scerction in PC-3 cells [ 12]. This action of CaZ2*
is at least partly modiated by the CaR, beemse hormone
seerction s attenuated after transfection of the cells with a
dominant negative CaR, and knovwn CaR agonists, for exam-
ple, repmyein and gadolinium, promote PTHrP secretion
[12} Thus, we wondered if the CaR might stimulate PTHrP
seerction through transactivation of the EGFR.

High Cal’ stimuluted PTHIP secretion in PC3 celis in a
dose-dependent munner (Fig. 4). This stimulation was
inkibited by 20 pM PDS8059 and by 0.7 pM AGI478.

300
D ssmyrca,

B oaomvcat "

awed B msmyeat,

100 - ﬂ
t} P

- 61 1.0 59 -

£THrP (fold increase, ¢}

x

8.1 10 50

However, 1 pM AGI296 did ot affeet PTHIP seerction,
When the cells woere preincubated with anti-HB-EGF anti-
body for 30 min, § pg/ml of the antibody significantly
ihibited PTHIP secretion {(by 42%) even under basal con-
ditions{0.5 mM Ca3' ) (Fig 5). At7.5 mM Ca2", the anti-HB-
EGF antibody suppressed PTHP secretion in a dose-depen-
dent fashion. The anti-EGFR antibody gave similar results
{data not shown}. Pre-incubation with 10 oM GMG0G] also
suppressed PTHIP sceretion by 40% at 0.5 mM CaZ', and by
about 30% i 3.0 and 7.5 mM Ca2' madium (Fig. 61, These
findings indicate that EGF and HB-EGF activate the EGFR
even under basal conditions snd that high Co2*-induced
PTHIP sccretion is suppressed by blockade of the CaR-

ak
AR S
AAAAIAARIERRANMER AR BT

I
=
-

HB-EGF Ab (pg/ml)

Fig. 5. Meutralizing antibody against HB-EGF lebibits hasal and bigh Cad induced PTHIP scorefion in PC-3 eells, Cells were proincuhated swith sarious
corcentrations of HB-EGF artihody for 38 min md treated with fow or kigh O &r 6 h. PTHIP mleissd into the modinm was debmined by IRMA as
deseribed in Materhls and wethods and was expressed as the fold increase (pareent) relstive to sontrol, & = 3, maan 4 SEM *P < 005 v, no BR-EGF

antibedy grap in eorrespanding Cal”.
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EGFR-ERK pathway. The former result seems compatible
with the presence of phosphorylated EGFR signal at .5 mM
Ca2" even after serum starvation (Fig. 3).

Discassion

EGF has been shown b induce PTHrP scoretion in
hunmim prostate tissue, mammary epithelial cells, bone,
breast, kidney and lung ecll lines, keratinocytes, osteosar
coma ¢ells, epithelial cancer cells, and mt eydiy fumor cells
[26-32} This induction has been reported to involve both
transeriptional and posttranscriptional mechanisms {3234},
The hkely involvement of the PKC pathway in EGF-
induced secretion of PTHIP in cultured mammary epithelial
cells [29] was shown by the additive offect of PMA and
EGF on the induction of PTHP mRNA. Multiple GPCR
signuls converge on the receptor tyrosine kinases (RTKs),
particularlly the EGFR. Some widely studied examples
indude the angiotensin T-induced hypertophy of cardio-
myocytes via transactivation of the EGFR and subseguent
activation of MAPKs, and the ET1-induced phosphoryla.
tion of the EGFR in human ovarian carcinoma cells.

PTHP partictpates in promoting growth in PC-3 cells,
which express a functional PTHIR [6]. Previous work has
shown that the level of PTHrP expression is higher in prostate
cancer than in normal prostate fissue and that PC.3 cells
seerete a signiicantly higher amount of PTHIP- 134 than do
the DU 145 and LNCuP prostate cancer coll Bres [35.36],
PTHIP and the PTHIR are po-expressed in both primary
prostate gancers as well as i bone metastases [37L In
addition, PTHIP scoms to influence cefl adhesion by enhmne-
ing the synthesis of several extracellulsr matrix proteins and
some integrin subunits [3R) These findings suggest that
PTHIP may also play a eritical ole in promoting umor
invastvencss and skeletal metastases through pamcrine-

setocring and probably intracrine mechanisms [6], although
overexpression of PTHIP did not accelerate bone metastasis
in a murine breast cancer model [39% In an in vivo study,
neutralizing antibodies to PTHrP or guanine nucleotide
apalogs, which inhibdt PTHIP gene transcription, not only
decreased osteoclastic bone regorption bt also inhibited the
development of metastages to bone by human breast cancer
cells [40,417 Furthermore, the intracrine actions of PTHP
can prevent apoptosis wnder gertain circumstances [421

In the present shady, we showed that high Calt stinulates
PTHP sceretion via CaRe-modiated activation of ERK m
PO3 cells and demonstrated that this activation of ERK i
mediated by transactivation of the EGFR but not the PDGFR
throngh activation of MMPs, followed by deavage of
proHB-EGF to HB-EGF {Fig. 7). The CaR belongs o the
superfamily of GPCRy, some of which have previously been
shown to be associated with RTKs; for example, the angio-
tensin AT receptor, bradykinin B2 receptor, vasopressin
V1 receptor, chobecystokinin CCKIR, gastrin CCK2R, and
bombesin regeptors stimulate the ERK cascade via activation
of Gy followed by transactivation of the EGFR [2243~
45}, Because these peptide receptors can dlso activate Gy
proteins, thore appewr to be two pathways activating the
MAPK caseade via G proteins. Activation of Gy and Gy
can stmobite PKC and PBX, leading to RabMEKERK
activation, Becanse the CaR s thought to couple to both
iy and some isoforms of G; [14- 171, it could activate the
dual pathveays, PKC and PI3K, as well as tmsactivate the
EGFR. In fact, in owr proiminary daty, pro-incabation with
gither PKC or PIIK inhibitors suppressed ERK activation
and PTHeP secretion to some extent in PC3 cells. In addition,
P38 MAPK and INK/BAPK inhibitors also partially sup-
presseid high Co2hinduced PTHP sceretion {Yano et al,
unpublisked data). Therefore, PRC, PI13K, and other MAPK S
could be getivated directly by the CaR or indireetly medinted
by EGFR mansactivation, and this might explain the partial
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Fig. 7. Schema of CaR-induecd EGPR transactivation in PC-3 ceflz. Activation of the CaR stimulates MMPs, ltowing clearage of probB-EGE to salshle
BB-EGF, which activatsz the EGFR. Phosphorylation of the EGFR stimulates the Ras-Raf-MEK-ERK pathway, which is imvolvad in regulating PTEP

synthesis o1 socretion.

inhibition of PTHrP scerction as well as ERK 12 phosphor-
ylation in the present study,

Transactivation of RTKs has been considered a5 a
mitogenic pathway for GPCRs. Boenuse high Ca2’ stimu-
Intes cell proliferation via the CaR i several cell types [30-
541, the CaR-EGFR-ERK pathway could be mvolved in
such cases, although othor pathways, that iz, p38 MAPK or
PI3K, might also participate in regulating proliferation
[55.56]. When wo evaluated cell profiferation 6 h after
stimultation with high Ca2’, there was no significant change,
supgesting that CaR-induced changes in ool number did not
affect the present data. Yet, becmse high Cal' most prob-
ably stimulates coll profiferation as well as PTHIP secretion
via BEGFR transactivation in PTHrP.producing cancer cells,
further study is pecessary to evaluate avy effects of the CaR
on ccll proliferation and survival,

In conclusion, activation of the CaR transactivates the
EGFR, buf not the PDGFR, leading to activation of ERK1/2
and resubant PTHP secretion i PC3 oolls. This trang-
activation is most Bkely mediated by CaR-medinted activa-
tion of MMP and subsequent cleavage of proHB-EGF w
HB-EGF.
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